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Abstract
In this letter, we analyze the bit error rate (BER) performance of a multiple input multiple output 
(MIMO) based cognitive radio system in equicorrelated Rayleigh fading channels. The system is 
assumed to implement energy detection for spectrum sensing and fixed power control for secondary 
user transmission. We develop an alternate closed form expression of BER when the MIMO link 
between the secondary users is implemented using orthogonal space time block codes (OSTBC). We 
also propose a novel infinite series expression of BER when transmit antenna selection with maximal 
ratio combining (TAS/MRC) is used instead of OSTBC. We observe that the existing work on 
analyzing the BER of MIMO systems implementing TAS/MRC in correlated fading channels, 
implicitly or explicitly assumes correlation to be absent on the transmitter side. We overcome this 
shortcoming by considering correlation on both the transmitter and receiver sides of the MIMO system.
Keywords: Cognitive radio system, MIMO, OSTBC, TAS/MRC, fixed power control, energy detection, 
Rayleigh fading, equicorrelated.
I. INTRODUCTION
THE concept of cognitive radio was developed to address the issue of inefficient spectrum utilization. In 
order to further improve the spectral efficiency, nowadays, people are trying to incorporate MIMO 
techniques in cognitive radio systems as well [1]. In this letter, we will analyze the BER of a MIMO 
cognitive radio system using OSTBC and TAS/MRC, two widely used MIMO schemes. Note that we will 
restrict ourselves to selection of only one transmit antenna when using the TAS/MRC scheme. To the best 
of our knowledge, most of the papers that analyze the performance of TAS/MRC in correlated channel 
fading assume correlation only on the receiver side [2]–[4]. In this work, we attempt to consider 
correlation on both the transmitter and receiver sides. Note that equicorrelated Rayleigh fading channel is 
assumed throughout the analysis in this paper.
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                                                           Figure 1: System Model
   The BER formulae developed in this paper, can also be used for MIMO systems without cognitive 
radios, but satisfying the requirements given in the corresponding theorems stated herewith. Note that 
some work has already been done in deriving BER for OSTBC in correlated channel fading conditions 
[5]. The formula for OSTBC in this paper is an alternate form to the existing expressions. The formula 
provided here is a much more compact representation of BER in equicorrelated case as compared to 
existing expressions. On the other hand, the formula derived for TAS/MRC is a novel attempt to 
overcome the shortcoming to the existing BER expressions for TAS/MRC case that is assuming 
correlation only on the receiver side.
II. SYSTEM MODEL
The system model under consideration is on similar lines as given in [1], albeit they consider secondary 
users employing selection combining for uncorrelated Rayleigh fading only. Consider a cognitive radio 
system with one primary (PU) and two secondary users (SU1 and SU2). The secondary users are assumed 
to have Lt and Lr antennas, respectively as shown in Fig. 1. The PU is assumed to have only single 
antenna. The channels are assumed to be equicorrelated Rayleigh block fading. The noise is considered to 
be zero mean and unit variance Gaussian distributed. It is assumed that the SU1 will transmit only when it 
senses the PU to be idle (note that SU2 is only going to listen to transmissions of other users). Spectrum 
sensing is done by SU1 using energy detection with maximal ratio combining (MRC) scheme. 
  
It is assumed that the primary base station conveys a set of interference constraints {ɳ,ξ} to the secondary 
users. ɳ is the maximum allowable interference power, when the secondary user correctly detects the 
absence of PU transmission. The probability that the interference level exceeds ɳ is given by ξ. The 
secondary user transmission is based on the fixed power control scheme [1].
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                                   Figure 2: Steps to analyze the BER of the system
III. BER ANALYSIS
The BER of the MIMO secondary link under consideration can be calculated by following a step by step 
procedure as shown in Fig. 2. Given the allowed probability of false alarm, we first need to find the 
probability of correct detection. Once this is known, we can move further to find the transmit power of 
secondary user using fixed power control scheme.
This transmit power will then be used to find the average received SNR at SU2, which can be further used 
to calculate the BER of the system. The formulae for probability of correct detection and false alarm for 
secondary user implementing MRC in equicorrelated Rayleigh fading channel are derived in [6]. In the 
following section we will concentrate only on the BER analysis, which is our original contribution.
Notation: Pe is the bit error rate, P(.) denotes probability,
XT denotes transpose of vector X, ρ is the power correlation factor and is the average SNR of the user 
channel per receive antenna when transmitter uses single antenna.
A. Analytical Closed Form Expression of BER for OSTBC in Equicorrelated Rayleigh Fading Channel
Theorem 1. Given a MIMO system with Lt transmit and Lr receive antennas implementing OSTBC with 
BPSK in equicorrelated Rayleigh fading channel with power correlation coefficient ƿ. The bit error rate 
of the system is given by
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                                                                             (1)
Where 
Proof: For a MIMO system implementing OSTBC with Lt transmit and Lr receive antennas, the bit error 
rate is equivalent to that of a system using simple MRC scheme with 1 transmit and Lt × Lr receive 
antennas. The proof of this result is given in [7] for uncorrelated channel fading conditions but this result 
can be shown to hold even in correlated case. We do not describe it here due to space constraints. We 
know that the bit error rate, given by , can be written as
                                                                                                                      (2)
                                                                                                                     (3)
We obtain (a) using simple integration by parts. Here, (ϓ) is probability of bit error as a function of 
SNR. For BPSK,
   and thus we get
                                                                                                                  (4)
Given that the system is implementing MRC diversity combining technique, the cumulative distribution 
function (CDF) of received SNR is given in [8] as
                              (5)
Here L is the number of receive antennas, and  , where is the average 
SNR per receiver antenna and is the power correlation coefficient. Let 
and . Thus substituting (5) in (4) we get, 
                          (6)
Substituting x by and using the equality , we get
                                      (7)
We know that for (equation 3.326 in [9]). Using this we get 
the closed form expression of BER as given in Theorem 1.
B. Analytical Infinite Series Expression of BER for TAS/MRC in Equicorrelated Rayleigh Fading Channel
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Theorem 2. Given a MIMO system with Lt transmit and Lr receive antennas implementing transmit 
antenna selection with maximal ratio combining and BPSK in equicorrelated Rayleigh fading channel 
with power correlation coefficient ƿ. The bit error rate of the system is given by
  
   (8)
Where = , , and . Note that 2 is the 
hypergeometric function.
Proof: From (4) we see that in order to find the BER it is necessary to first find the CDF . Let   
be the equicorrelated complex gaussian channel from transmit antenna to jth receive antenna. Let us 
call as is exponentially distributed and equicorrelated. Let .
                                                                                             (9)
                                          = P( )                                                                (10)
                                         =                                                                                                       (11)
Here is vector given by and . Note that in [2]-[4], equation 
(10) is implicitly assumed to be equal to , thus assuming no correlation on transmitter side.
   In order to find the CDF of we will first find the characteristic function , where 
                                                                                                                  (12)
                                    =                                                                                      (13)
                                   =                                                                         (14)
                                   =                                                                                    (15)
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Where
The RHS of the above equation is nothing but equation (72(a)) of [10]. Thus, using an equivalent 
expression in equicorrelated fading case (equation (86),[10]) we get
               (16)
Thus, replacing with the respective and further simplifying using followed 
by multinomial expansion (equation (89a) in [10]), it can be derived that
  (17)
Let be the CDF of gamma distribution for Note that
is the lower incomplete gamma function and is the 
gamma function. The characteristic function of gamma distribution is of the form [10]. As 
the dependent part of (17) is also of the same form, we conclude that the CDF of is given by
          (18)
Thus, using (4), (11) and (18) we get
  
           (19)
Note that [8]. Using equation (6.455) of [9] we get the infinite series expansion of the bit error 
rate as given in Theorem 2.
C. BER of Our Cognitive Radio system
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   In order to implement the formulae given in equation (1) and (8) to our cognitive radio system, replace 
by in equation (1) for OSTBC and by in equation (8) for TAS/MRC. Note that 
the 
value of should be derived from fixed power control scheme and interference constraint equation as 
described in [1].
IV. SIMULATIONS AND RESULTS
Numerical results are discussed in this section. The simulation plots are generated using 105 iterations. 
The value of time bandwidth product is fixed to be B = 6. The false alarm probability is set to be 0.01 and 
the average signal to noise ratio of the sensing channel is set to be 0dB. The interference constraint values 
are set as ɳ = 0dB and ξ = 0.1 [1]. The values of Lt, Lr, ɣ and ƿ are specified in the respective plots.
Fig. 3 shows an exact match of our simulation and analytical results of BER for OSTBC case. Note that 
the plot of BER for TAS/MRC case is approximate and not exact. This is because we approximate the 
infinite series expression by the sum of first ‘n’ terms. Increasing the number of terms in the summation 
drastically increases the running time but the BER value becomes almost quasi-static after n = 30. Note 
that percentage gain in BER, when TAS/MRC is implemented instead of OSTBC, increases drastically 
from about 19% to 61% as ɣ increases from −5dB to 5dB (percentages are calculated using the simulation 
values). Although TAS/MRC outperforms OSTBC, the gap between BER of OSTBC and TAS/MRC 
narrows down for lower values of SNR. Fig. 4 shows the effect of correlation on BER for different values 
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of ɣ. For ɣ = −5dB the BER of OSTBC is only about 4% higher than TAS/MRC for highly correlated 
channels (ƿ = 0.9). Whereas for ɣ = 0dB and ɣ = 5dB this value is about 10.15% and 27.35%. Thus for 
cognitive radios, which operate in low SNR region, the performance TAS/MRC is superior to OSTBC but 
the percentage improvement becomes less significant in highly correlated channels.
V. CONCLUSION
We have developed analytical expressions for BER of a MIMO based cognitive radio system when the 
MIMO link between the two secondary users is implemented using OSTBC and TAS/MRC respectively. 
We note that the analytical formula derived for OSTBC is a closed form expression and is a more 
compact form compared to alternate existing expressions. On the other hand, we have derived a novel 
infinite series expression of BER for the TAS/MRC case. We observe that TAS/MRC outperforms 
OSTBC. In spite of this, OSTBC is an attractive choice for MIMO based cognitive radio systems because 
of its ease of implementation and its performance being comparable to that of TAS/MRC, in low SNR 
and highly correlated channel fading conditions. We have reported our BER analysis for BPSK only. But 
it will be simple to extend the analysis for higher modulation schemes as well. In future, we would be 
extending this work in generalized correlated channel fading conditions.
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